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Abstract The propagation losses (PL) of lithium niobate 
optical planar waveguides fabricated by swift heavy-ion ir-
radiation (SHI), an alternative to conventional ion implanta-
tion, have been investigated and optimized. For waveguide 
fabrication, congruently melting LiNbÜ3 substrates were ir-
radiated with F ions at 20 MeV or 30 MeV and fluences 
in the range 1013-1014 cm . The influence of the temper-
ature and time of post-irradiation annealing treatments has 
been systematically studied. Optimum propagation losses 
lower than 0.5 dB/cm have been obtained for both TE and 
TM modes, after a two-stage annealing treatment at 350 and 
375°C. Possible loss mechanisms are discussed. 
1 Introduction 
Recently, a method to produce optical waveguides on 
LiNbÜ3 substrates by ion-beam irradiation [1-3] has been 
proposed and developed. At difference with conventional 
ion implantation that uses light ions (H, He) and relatively 
low energies (1-3 MeV), the method involves irradiation 
with ions of high energy (tens of MeV) and moderate mass, 
such as F at 20 MeV, often designated as swift-heavy ions 
(SHI). In the SHI regime, the electronic stopping power Se 
of the projectile ions is strongly dominant over the nuclear 
stopping for most of the trajectory excepting at the end of 
the ion range where implantation and nuclear damage take 
place. A key feature of the method is that the electronic 
stopping power of the bombarding ions surpasses a thresh-
old value for material amorphization at a depth inside the 
crystal. Then a buried amorphous layer of isotropic low re-
fractive index (n = 2.10) is generated at such depth by elec-
tronic processes instead of nuclear collisions. The typical 
layered structure, and the refractive index profile of the gen-
erated waveguide, is shown in Fig. 1. In Fig. la, it can be 
appreciated the crystalline guiding layer, followed by the 
amorphous barrier produced by electronic damage. The po-
sition of the implanted layer can be also seen at a deeper 
depth in the substrate although it does not play any role in 
waveguide operation. This is why we call these guides ion 
irradiated instead of ion implanted waveguides. Figure lb, 
illustrates the typical index profile for the SHI waveguide 
structure (guiding layer and optical amorphous barrier) for 
both the ordinary and extraordinary refractive indexes. 
The fabricated waveguides present several relevant ad-
vantages over those fabricated by conventional light ion im-
plantation [4-6]. For example, they have step-like and high-
jump index profiles (~0.2 and ~0.1 for ordinary and ex-
traordinary refractive indexes, respectively, see Fig. lb) and 
thick easily programmable amorphous layers which allow 
for supporting highly confined propagation modes. More-
over, low irradiation fluence is sufficient (~1014 cm - 2) to 
produce the waveguides, so that the fabrication time may 
be reduced up to two orders of magnitude in comparison 
with the implantation case. Finally, good nonlinear optical 
and photorefractive properties have been recently reported 
[3, 7, 8]. However, the preliminary reported values for PL 
yielded values ranging between 1-10 dB/cm [1, 8], which 
are still high for many applications, leaving much room for 
improvement and optimization. 
The purpose of this work is to systematically address the 
topic of propagation losses (PL) for the SHI waveguides and 
look for an optimized response. Suitable post-irradiation an-
nealing treatments were implemented in order to reduce ab-
sorption and scattering centers. Moreover, those treatments 
may improve the quality of the interface between the waveg-
uiding and amorphous layers. However, one has to assure 
that the amorphous barrier is kept thick enough to avoid a 
substantial enhancement of the tunnelling losses. The rele-
vance of this latter loss mechanism has been evaluated with 
the help of a beam propagation method (BPM). As a result of 
the study, we have demonstrated the feasibility of markedly 
reduced optical losses reaching values under 0.5 dB/cm for 
both TE and TM polarizations. This confirms that the novel 
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Fig. 1 (a) Schematics of the structure and (b) refractive index waveg-
uide profile generated by swift-heavy ion irradiation of LiNbC>3 crystal 
Table 1 Fabrication parameters 
and estimated barrier thickness Waveguide type 
[3] of the waveguides 
Type I (guide A) 
Type II (guide B, C, D) 
Type III (guide E) 
SHI waveguides are, indeed, very promising candidates for 
a variety of photonic devices. 
2 Experimental techniques 
Several waveguides have been fabricated by irradiation with 
fluorine ions at 20, and 30 MeV, on z-cut congruently melt-
ing lithium niobate substrates purchased from Photox in 
the 5 MV Tandem Accelerator of the CMAM at Univer-
sity Autónoma of Madrid [9]. In order to facilitate PL mea-
surements, by using long waveguides (~2 cm length), sub-
strate irradiation have been mostly performed under large 
incidence angles (70°). The energies, stopping powers, ion 
ranges, and fluencies used in this work are specified in Ta-
ble 1. According with these irradiation parameters, the fab-
ricated waveguides have been labelled or classified as type 
I, II, and III (see Table 1). The barrier thicknesses for the 
waveguides prior to annealing were estimated from the anal-
ysis reported in [3]. In order to investigate possible reduction 
of PL, after irradiation, samples have been subjected to an-
nealing treatments, either isochronal (for 1 h) in the temper-
ature range (250-375°C) or isothermal (at 300 and 350°C). 
Most of the annealing treatments were carried out in an oxy-
gen atmosphere to avoid the generation of oxygen vacancy 
centers and reduction of impurity centers (e.g., Fe) [10]. 
However, no significant differences have been found with 
regard to thermal annealing in air. 
The waveguides before and after annealing have been 
characterized by measuring the refractive index TE (ordi-
nary refractive index n0) and TM (extraordinary refractive 
index ne) profiles using the prism-coupling m-line method 
with X = 632.8 nm. 
The PL were determined through the decay of the light 
intensity guided mode at X = 632.8 nm, measured via the 
light scattered along the beam path [11] recorded by a CCD 
camera. 
3 Waveguide losses: effect of annealing treatments 
3.1 Role of temperature for isochronal annealing 
treatments 
Successive one-hour-long annealing treatments at increasing 
temperatures separated 25°C inside the range 250-375°C 
Ion, energy, Fluence Barrier thickness 
incidence angle (cm - 2 ) h (um) 
F, 30 MeV, 70° 2 x 1014 0.8 
F, 30 MeV, 70° 3 x 1014 0.9 
F, 20 MeV, 0° 4 x 1014 3.0 
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Fig. 2 Propagation losses and effective waveguide thickness vs. previ-
ous annealing temperature for (a) waveguide A and (b) waveguide B. 
Continuous and dashed curves are only guides to the eye 
have been carried out. The measured PL for the fundamen-
tal mode are shown in Fig. 2 of guide A (Fig. 2a) and B 
(Fig. 2b), as a function of the temperature T of the an-
nealing. The two polarizations ordinary (TE) and extraor-
dinary (TM) are considered. The waveguide thickness d, 
obtained from the refractive index profiles measured after 
each treatment, is also included in the plot. The curves show 
a clear reduction in PL followed by a rapid enhancement 
for temperatures above 325 and 350°C for guides of type I 
and II, respectively. A minimum attenuation coefficient of 
about 1.2 dB/cm, is obtained for the TE (ordinary) polar-
ization after the highest fluence of 3xl0 1 4 cm - 2 and an-
nealing at 350°C. Somewhat higher values are achieved for 
the guide fabricated at 2 x 1014 cm - 2 (>3 dB/cm). For 
TM (extraordinary) polarization, PL are generally higher, al-
though a similar minimum value of 1.3 dB/cm is obtained at 
350°C. It is significant that for both waveguides and both 
polarizations, the losses experience a dramatic enhancement 
when the annealing temperature rises above 325-350°C, co-
inciding with an appreciable increase of waveguide thick-
ness. 
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Fig. 3 Propagation losses and effective waveguide thickness vs. an-
nealing time at 300°C for waveguide C of type II. Continuous and 
dashed curves are only guides to the eye 
2 0 ^ 3.2 Role of time for isothermal annealing treatments 
For a detailed investigation of the effect of annealing time, at 
a temperature close to the minima of losses in Fig. 2, isother-
mal treatments have been performed for guides of type II. In 
Fig. 3, the results for successive 1 h annealings at a constant 
temperature of 300°C and both polarizations TE and TM are 
shown. The evolution of the waveguide thickness after the 
various treatments is also plotted. Note that the treatments at 
constant temperature do not significantly affect the waveg-
uide thickness. The PL initially decrease up to an essentially 
constant value, after 2-3 h. For TE modes, this value is well 
below 1 dB/cm; significantly lower than previously reported 
measurements for SHI waveguides [1,8]. 
In order to investigate the possibility of a further reduc-
tion of PL, a higher temperature of 350°C was also checked 
for the same guide type II (guide D). Results are given in 
Fig. 4. The two polarizations TE (Fig. 4a) and TM (Fig. 4b) 
and the fundamental (m = 0) and the first-order (m = 1) 
modes have been measured. The optimum values for the 
fundamental mode are similar to those reached at 300°C for 
both polarizations. The first-order mode shows a decrease of 
propagation losses followed by an increase after about 3 h of 
annealing. 
4 Discussion 
The above results show that the evolution of the PL with an-
nealing temperature for the novel SHI waveguides presents 
two different regions. In the initial stage, increasing temper-
ature up to around 300 or 350°C (depending on the waveg-
uide type) causes a clear reduction in waveguide losses. 
This stage is very likely related to the removal of radia-
tion induced coloring and defects centers, in accordance 
with results reported in the literature for waveguides pre-
pared by different ion implantation processes [4, 12-17]. 
1 2 3 4 5 
Annealing time at 350 °C (h) 
Fig. 4 Propagation losses of the fundamental (m = 0) and first order 
(m = 1) mode vs. annealing time at 350°C for waveguide D (a) ordi-
nary, (b) extraordinary polarization. Continuous and dashed curves are 
only guides to the eye 
Another source of PL is the scattering at the interface sepa-
rating the guiding and barrier layers. For our waveguides, 
it is expected that the interface has some roughness due 
to the statistical fluctuations caused by the overlapping of 
the amorphous tracks associated to individual ion trajec-
tories [18]. Since the statistical roughness should decrease 
with increasing irradiation fluence, one would predict that 
losses decrease with fluence, in accordance with the ob-
served data. In a second stage at higher temperatures, there 
is a competing effect due to the narrowing of the optical bar-
rier. The rapid increase of PL observed in Figs. 2a and 2b 
at higher temperatures suggests an enhanced tunnelling ef-
fect. In line with this idea, this fast enhancement of losses is 
not observed in the isothermal experiment at 300°C (Fig. 3), 
where the barrier thickness keeps essentially constant. On 
the other hand, the isothermal experiment at 350°C (Fig. 4). 
shows a similar saturating behaviour of PL for the funda-
mental mode; whereas the first mode, more sensitive to the 
tunnelling through the barrier, exhibits a strong increase in 
PL for t > 2.30 h. Therefore, it may be concluded that in 
previous experiments, the tunnelling mechanism is respon-
sible for the saturation behaviour appearing in the explored 
route to reduce losses. 
A further confirmation of the tunnelling mechanism be-
ing responsible for the rise in losses in the second stage (T > 
300-350°C), is obtained from calculations using the beam 
propagation method (BPM) to describe light propagation 
through the waveguiding structure. The simulations have 
been performed using the 2-dimension Crank-Nicolson fl-
waveguide thickness d: 
2.3 nm 
tí —-2.5,im 
e 2.7 nm 
2.9\im 
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0.6 
Fig. 5 Tunnelling losses as a function of the barrier thickness for sev-
eral waveguide widths and ordinary and extraordinary polarizations 
calculated using a BPM 
nite differences scheme for beam propagation method [19]. 
This method considers the waveguide as a set of very thin 
strips perpendicular to the propagations direction. Prior to 
the simulation, the guided modes of the waveguide are com-
puted and the selected one is introduced into the waveg-
uide. This initial condition is used to determine the elec-
tric field for each cell of the following strip. Calculations 
show the light intensity of the guided wave decreasing along 
the propagation direction due to the tunnelling losses. This 
BPM method has been already used to discuss photorefrac-
tive phenomena in LiNbÜ3 waveguides [20]. 
Figure 5 shows the predicted tunnelling losses as a func-
tion of the barrier thickness for several waveguide thick-
nesses just in the range of our experimental values (see 
Figs. 2 and 3). Tunnelling losses rapidly (exponentially) in-
crease with the reduction of barrier thickness so that they 
overpass 1 dB/cm for barrier thickness lower than 0.25-
0.3 urn and 0.4-0.45 urn for ordinary and extraordinary 
polarization, respectively. In order to compare our experi-
mental data with these theoretical predictions, it is neces-
sary to estimate the barrier thickness of our guides after 
each annealing step. Note that annealing treatments reduce 
the amorphous barrier thickness h by epitaxial recrystalliza-
tion [21], whereas they increase in the same amount the 
waveguide thickness d. Then, for our estimates, we substract 
from the initial barrier thickness h (see Table 1) the amount 
2Ad, assuming that both barrier boundaries recrystallize at 
the same speed. In fact, the estimated barrier evolution is 
roughly consistent with the thermally activated crystalliza-
tion velocity reported in [21]. In Fig. 6, the estimated values 
of the waveguide barrier h are plotted together with the mea-
sured propagation losses and the predicted tunnelling losses 
for the experiment of Fig. 2a for TM polarization. It can be 
clearly appreciated that predicted tunnelling losses are neg-
ligible throughout the first stage of the curve but rapidly in-
crease for T > 325°C, coinciding with the sudden increase 
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Fig. 6 Estimated values of the waveguide barrier thickness h {circles) 
experimental propagation losses taken from Fig. 2a {empty squares) 
and predicted tunnelling losses {solid squares) vs. previous anneal-
ing temperature for waveguide A and TE mode propagation (see text). 
Continuous and dashed curves are only guides to the eye 
of experimental PL. A similar behavior has been obtained 
for the waveguide B and for both polarizations; thus con-
firming that tunnelling losses are responsible for the rapid 
increase of PL in the second stage of the PL curves of Fig. 2. 
In summary, the analysis performed so far suggests that 
further optimization of PL might be obtained by an addi-
tional rise of the annealing temperature, but avoiding the 
larger tunnelling losses associated with a reduced barrier 
thicknesses. This is what has been attempted in the next sec-
tion. 
5 Optimized waveguide 
The previous discussion indicates that in the strategy to re-
duce PL, a key point is to fabricate waveguides with thicker 
optical barriers. To that end, we have fabricated a waveg-
uide with fluorine irradiation at 20 MeV, a higher fluence of 
4 x 1014 cm - 2 , and normal ion incidence (guide E, type III). 
In this case, the optical amorphous barrier is about 3 um [3]. 
The experimental procedure implies a two stage anneal-
ing treatment. First, we performed 1 h annealing at 350°C 
and next, a final 15 min annealing at 375°C. PL were mea-
sured after each partial treatment. The results are summa-
rized in Table 2. As expected, the annealing at 350°C, leads 
to an important reduction of PL, up to a value similar to 
those measured for the waveguides of type II. However, 
a definite improvement was achieved after the final short 
treatment at 375°C at which the optical barrier still keeps 
a sufficient thickness to limit tunnelling losses. The final 
outcome of this experiment is that PL reach optimum val-
ues of <0.5 dB/cm for both polarizations. For the ordinary 
polarization, losses are even below 0.3 dB/cm. These val-
ues are, comparable or even better than those measured for 
Table2 Values of propagation losses (PL) and waveguide thickness d, 
measured in the waveguide of type III after the annealing treatments, 
which are also indicated in the table. n0 and ne indicate ordinary and 
extraordinary polarizations, respectively 
0.6 
0.4 
o ' 
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350 
375 
Time (h) 
1 
0.25 
PL - n„ (dB/cm) 
0.3 
<0.3 
P L -
1.5 
0.5 
- ne (dB/cm) d (um¡ 
2.8 
3.0 
any other type of LiNbÜ3 waveguides, including those fabri-
cated either by standard implantation [22, 23] or irradiation 
with high energy heavy ions [1,8]. 
It is worthwhile remarking that the PL optimization 
method proposed in this work relies on two properties of 
swift-heavy ion irradiated waveguides: (i) the possibility 
to easily obtain thick amorphous barriers. Note that this is 
complicated for standard light ion implantation techniques 
that require multi-energy ion-implantation [23, 24] to en-
large the amorphous barrier and even in that case typical 
amorphous barriers are about 1 micrometer [24], (ii) the pos-
sibility to modify the barrier thickness by re-crystallization. 
This is accompanied by a simultaneous reduction of propa-
gation losses for appropriate treatments. 
6 Summary and conclusions 
A systematic study of the reduction of PL for SHI waveg-
uides through suitable post-irradiation annealing treatments 
has been carried out. As a result, we have demonstrated 
the feasibility of markedly reducing PL to values under 
0.5 dB/cm for both polarizations. 
We can then conclude that waveguide fabrication by 
swift-heavy ion irradiation has relevant advantages regard-
ing to the conventional implantation method; not only when 
step-like high-jump index profiles are concerned but also 
concerning the control and optimization of propagation 
losses. 
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